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Abstract 

An experimental study is conducted to examine the 
crossplane structure and stream wise decay of vortices 
shed from airfoil-type vortex generators. The vortex gen- 
erators are set in a counter-rotating array spanning the 
full circumference of a straight pipe. The span of the 
vortex generators above the duct surface, h, is approxi- 
mately equal to the local turbulent boundary layer thick- 
ness, 6. Measurement of three-component mean flow ve- 
locity in downstream crossplanes are used to characterize 
the structure of the shed vortices. Measurements in ad- 
jacent crossplanes (closely spaced along the stream wise 
coordinate) characterize the interaction and decay of the 
embedded vortices. A model constructed by the super- 
position of Oseen vortices is compared to the data for 
tme test case. 


Motivation and Research Objectives 


Modem design characteristics of aircraft engine in- 
lets, diffusers, and associated ducting components include 
large amounts of stream wise curvature coupled with rapid 
axial variations in cross-sectional area. The flow perfor- 
mance of these components is degraded by the devel- 
opment of strong internal secondary flows and boundary 
layer separations. Surface mounted vortex generators are 
an effective means of alleviating these problems. Recent 
experimental work at NASA Lewis has explored the strat- 
egy of using vortex generator induced flows to counter 
deleterious secondary flow development and boundary 
layer separation inside a diffusing S-duct. 1 Dramatic im- 
provements in total pressure recovery and exit plane flow 
distortion were demonstrated. An experimental program 
to test candidate designs for the new High Speed Research 
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(HSR) diffuser is currently in the planning stages. Sur- 
face mounted vortex generators are being considered as a 
means of enhancing the performance of the HSR diffuser. 

Arrays of vortex generators may be studied to deter- 
mine what vortex generator size, spacing, and stream wise 
location produces optimal flow conditions in a particular 
duct operating at a particular condition. This can be done 
experimentally, as in Reference 1. However, due to the 
large number of possible vortex generator array parame- 
ter variations, optimization may be best suited for com- 
putational work. The effort required for a computational 
study hinges on the manner in which the vortex gener- 
ators are represented in the analysis. A particularly ef- 
fective approach is to model the shed vortex immediately 
downstream of the vortex generator, rather than model 
the vortex generator by including it in the gridwork of 
the duct The advantage hoe lies in the fact that a newly 
formed vortex may be accurately represented as a stream- 
wise vorticity or crossplane velocity distribution having 
a simple exponential form. This is the approach taken in 
recent work by Anderson and Gibb, 2 and Anderson and 
Farokhi, 3 where multiple vortex generator array geome- 
tries in a diffusing S-duct inlet were examined using a 
parabolized Navier-Stokes (PNS) solver. The crossplane 
structure of embedded vortices shed from vortex gener- 
ators may be characterized in terms of quantities known 
as vortex “descriptors”. The modelled vortices are based 
on these descriptors. Following the work of Westphal et 
al. A we identify three descriptors: 

1. Peak stream wise vorticity: u max is an indication 
of vortex concentration. The larger the magnitude 
of peak vorticity, the thinner and more concentrated 
the vortex structure. 

2. The crossplane location of w mar . This location 
corresponds to the center of the vortex, the point 
about which the vortex spins. 

3. Circulation: T is a measure of the vortex strength. 

In an ongoing research program at NASA Lewis, a 
set of experimental studies are being conducted to acquire 
the database necessary for simple analytical modelling of 
all types of common vortex generators. A recently com- 
pleted study on the sub-boundary layer scaled “wishbone” 
vortex generator has provided detailed datasets and corre- 
sponding descriptors for the modelling of this type of vor- 
tex generator over a limited Mach number and Reynolds 
number range. 5 This paper describes a similar experimen- 
tal study of blade or airfoil-type vortex generators. The 
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Figure 1 The Internal Fluid Mechanics Facility of NASA Lewis. 


vortex generators are mounted in a symmetric counter- 
rotating array which spans the full interior circumference 
of a circular pipe. A thin turbulent boundary layer is 
developed upstream of this array. The boundary layer 
thickness, 6, is approximately 4% of the pipe diameter, 
d y at the axial location of the vortex generators. 

The primary objective of this study is to examine 
the crossplane structure and streamwise decay of vor- 
tices shed from airfoil-type vortex generators. Vortex de- 
scriptors are derived from crossplane measurements of 
three-component mean flow velocities acquired with a 
rake probe. Crossplane grid resolution is greater than in 
previous studies, and axial separation (Az) between ad- 
jacent crossplanes is much finer, with A z « 6. Simple 
analytical models of the induced crossplane distributions 
of velocity and vorticity are constructed with the vortex 
descriptors. These will be compared against the data. 

Facilities and Procedures 


subsonic facility designed to investigate a variety of duct 
flow phenomena. The facility, as it is configured for this 
test, is illustrated in Figure 1. Air is supplied from the 
surrounding test cell to a large settling chamber contain- 
ing honeycomb and screens. At the downstream end of 
the settling chamber the airstream is accelerated through 
a contraction section (having a cross-sectional area reduc- 
tion of 59 to 1) to the test section duct The test section 
duct consists of a straight circular pipe of inside diame- 
ter d = 20.4 cms. After exiting the test section duct the 
airstream enters a short conical diffuser and is then routed 
to a discharge plenum which is continuously evacuated 
by central exhauster facilities. The Mach number range 
in the test section duct is between 0.2 and 0.8 with cor- 
responding Reynolds numbers (based on pipe diameter) 
between 0.95 and 3.80 million. Mass flows are between 
3 and 7 kgs/sec. More information on the design and op- 
eration of the IFMF may be found in the report of Porro 
et al* 


Test Facility 

This study is conducted in the Internal Fluid Me- 
chanics Facility (IFMF) of NASA Lewis. The IFMF is a 



Figure 2 A cut-away sketch of the test section duct 
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Figure 3 The airfoil vortex generator. 


Research Instrumentation and Test Parameters 

Figure 2 is a detailed sketch of the various test 
section components. 

A short section of straight pipe (labeled “inlet pipe” 
in Figure 2) connects the exit of the facility contraction 
to the duct segment containing the vortex generator array. 
Static pressure taps located on the surface of the inlet pipe 
allow the nominal core Mach number in the test section 
to be set and monitored. 

The duct portion with vortex generators is referred 
to as the “vortex generator duct”. The inside surface of 
the vortex generator duct (and hence the attached vortex 
generator array) rotates about an axis coinciding with 
the test section centerline. A rotation of 360 degrees 
is possible. The rotation is driven by a motor and gear 
located in an airtight box above the vortex generator duct 

A vortex generator is illustrated in Figure 3. These 
vortex generators consist of an airfoil-shaped blade (with 
a NACA 0012 profile) mounted perpendicular to the 
surface of a base plug. The surface of the base plug is 
contoured to the inside radius of the vortex generator duct 
Both blade and plug are machined from an aluminum 
alloy using a wire cutting (electric discharge machining) 
process. 

The vortex generator array consists of 12 blades, 
identical in geometry, but alternating in angle of attack, 
a = ±16 degrees. Figure 4 is a downstream view of 
the vortex generator duct showing the array of vortex 
generators. The vortex generators are equally spaced, 
circumferentially, at mid-chord. A between the mid- 
chord position of adjacent blades is 30 degrees, where 9 
is the circumferential coordinate. 

The coordinate system used in this study originates 
in the vortex generator duct z — 0 coincides with the 
trailing edge of the vortex generator array. The axial 
locations of downstream (r, 0) crossplanes are given in 
terms of blade chord, c. For example, the first survey 


location possible is the (r, 9) crossplane located at z — 
0.38c, where c = 4.06 cms. 

The duct segment downstream of the vortex gener- 
ator duct is stationary (non-rotating). This test section 
segment is referred to as the “instrumentation duct”. The 
flowfield measurements are acquired in this duct through 
the use of a radially actuated rake-probe indicated in Fig- 
ure 2. To acquire data in an (r, 9) crossplane, the rake- 
probe is actuated over a radial segment extending from 
the duct wall to the duct centerline. The vortex gener- 
ator duct and vortex generator array are then rotated an 
increment in circumferential position, A0, and the radial 
survey repeated. In this manner pie-shaped pieces of the 
flowfield are examined. A narrow slot running the ap- 
proximate length of the instrumentation duct allows the 
rake-probe to be located at various downstream cross- 
planes. A series of slot-sealing blocks determines the 
allowable axial location of survey crossplanes, z,-: 

z< = 0.38c, 1.00c, ...,10.38c, 

14.75c, 15.38c, ...,24.75c. 

The rake-probe consists of 4 seven-hole probe tips 
spaced 2.54 cms apart. These probes are calibrated in 
accordance with the procedure outlined by Zilliac. 7 The 
flow angle range covered in calibration is ±60° in both 
pitch and yaw for the probe tip closest to the wall. The 
calibration range for the outer 3 tips is approximately 
±30°. Uncertainty in flow angle measurement is ±0.7° 
in either pitch or yaw, for flow angle magnitude below 
30 degrees (pitch and yaw flow angle magnitude did not 
exceed 30 degrees in this study). The corresponding 
uncertainty in velocity magnitude is approximately ±1% 
of the core velocity, v 2c . 
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Experimental Results 


These results are derived from the transverse velocity data 
following the relation: 


Figures 5a-k illustrate the experimental results. On 
the left in Figure 5 are vector plots of crossplane (or 
“transverse”) velocity. The radial axis represents distance 
from the wall, in centimeters, and the circumferential axis 
represents angular position in degrees. In the middle 
of Figure 5 are the corresponding contours of primary 
velocity ratio, v z /v zc , where v 2C « 85 m/sec is the 
core velocity of the pipe (this corresponds to a nominal 
test section Mach number M — 0.25). On the right 
hand side of Figure 5 are plots of streamwise vorticity. 



r 


1 6v r 
rle' 


( 2 ) 


where uj z is the streamwise component of vorticity, and 
(v r ,ve) are the transverse components of velocity in 
the radial and circumferential coordinates, respectively. 
Finite difference formulas are used to represent the spatial 
derivatives in Eq. (2). Solid contour lines represent 
negative vorticity, dashed lines are positive. The axial 
location of each crossplane is indicated in Figure 5. 


0 degrees 0 degrees 0 degrees 




Figure 5 Velocity and streamwise vorticity results. (Continued — ) 
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Figure 5 Velocity and stream wise vortidty results. 


Crossplane grid resolution for these surveys is based 
on the size of the vortex core. At axial locations just 
downstream of the vortex generator the vortex core is 
small and highly concentrated with large secondary ve- 
locities present To properly capture vortex structure the 
grid resolution must be greater here than at locations far 
downstream where the developing core has grown larger 
and more diffuse. Thus, in Figures 5a-h, Ar =1.3 mm 
and A0 = 1.0 degree in the vicinity of the core; and 
in Figures 5i-k, Ar =1.7 mm and A 9 = 1.5 degrees. 
Although the full pie-sector (from pipe wall to center- 
line) was surveyed, only the portion of the grid closest to 
the wall and embedded vortex is plotted. This is done to 
save space in Figure 5. The survey grid covers somewhat 
more than a 30 degree sector of the pipe cross-section. 
A 30 degree sector coincides with the circumferential do- 
main occupied by one vortex generator (hence the single 
vortex observed in each of the crossplane plots of Fig- 
ure 5). For the counter-rotating arrangement of vortex 
generators tested in this study the full fiowfield is (ide- 
ally) a 12 unit multiple of this pie-sector, alternating in 
the rotation of the shed vortex from one 30 degree sector 
to the next The circumferential component of velocity 
( v $ ), and hence the crossflow, is expected to vanish at 
the boundaries of the pie-sector where the influence of 
the neighboring vortex begins. We note from Figure 5 
(particularly Figures 5e-k) this is approximately the case, 
with the boundary between the domain of the illustrated 
vortex and the domain of its nearest neighbor located at 
9 = 79 or 80°. A portion of the adjacent sector {9 < 80°) 
and neighboring vortex is visible in Figure 5. The illus- 
trated vortex and its neighbor constitute an upftow pair 
of counter-rotating vortices. Upflow pairs have a strong 
tendency to pull together and lift away from the wall, and 
this is clearly evident in Figure 5. 

In Figures 5a-b we see a strong, concentrated vortex 
structure. At the z = 1.00 c position (Figure 5b) contours 
of primary velocity ratio show two distinct regions of 


v z deficit in the vicinity of the vortex core. One region 
appears to be a convection of low momentum boundary 
layer fluid found near the wall and wrapping around the 
core on the right-hand side; the other region is associ- 
ated with the central portion of the vortex core. This 
characteristic double deficit persists downstream of the 
z = 1.00c position. Interestingly, however, the central 
core v z deficit is not nearly as pronounced further up- 
stream at the z = 0.38c position. Here the central or 
core primary velocity structure is much more complex, 
with what appears to be two separate deficit regions. The 
primary velocity ratio contours in Figure 5 also illus- 
trate the alternate thinning and thickening of the bound- 
ary layer in the core downwash and upwash, respectively. 
The upwelling of boundary layer fluid produced by the 
strong convection of the counter-rotating vortex pair is 
quite pronounced at the downstream survey locations. In 
Figure 5k an indication of the crossplane profile of the 
vortex generator is provided. The cruciform of dashed 
lines identifies the trailing edge tip. 

The three previously defined structural descriptors 
of the embedded vortex originate from the streamwise 
vorticity and transverse velocity data in the crossplane. 
Umax is located at some grid point having coordinates 
(r mfl i, 0ma*)« The vortex circulation T is calculated by 
first isolating the region of core vorticity in the data field. 
This is done by referring to the contour plots of vorticity 
in Figure 5. A path enclosing the region of core vorticity 
is defined. The outer boundary of the core is taken to be 
the location where streamwise vorticity is 1% of the peak 
core value. The circulation is then calculated according 

,o: t 

I V ds, (3) 

path 

where V is the velocity vector in the crossplane, and 
s refers to the path coordinate. By using closed paths 
composed of line segments in the r or 9 coordinate 
directions the circulation is easily determined. 
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Axial Location, z/c 

Circulation 
m /sec 

Peak Vorticity 
sec' 1 

Crossplane Location 
of Peak Vorticity 
(ems, deg)* 

Kinetic Energy Ratio 

1 Airfofl Theory Est 

■0.753 

— 

(1.02,90 sr* 

— 

038 

-0.733 

-34655 

(039,93) 

0.0078 

1.00 

-0.722 

-35714 

(039, 92) 

0.0072 

132 

-0.698 

-33896 

(039,91) 

0.0067 

235 

-0388 

-30488 

(039,90) 

0.0064 

3.50 

■0371 

-24258 

(039,88) 

03057 

4.75 

-0.663 

•22807 

(1.02,86) 

0.0050 

6.00 

-0346 

-19179 

(137,85) 

0.0045 

830 

-0396 

-10679 

(1.78,84) 

0.0034 

1038 

-0343 

-6606 

(239,84) 

0.0028 

14.75 

-0308 

-2748 

(2.79,86) 

0.0014 

1735 

-0360 

-1766 

(2.79,86) 

0.0010 

Uncertainty t 

0.007 

+ 225 

t (0.04,0.3) 

+ 0.0003 


fats (dO^.tlKU) where d=2a4« 3 pipe - Treflin* edt* tip of roite generttor. 


Table 1 - The decay of the symmetric array. 


In addition to the vortex descriptors, an integral 
parameter known as the “kinetic energy ratio” (jj.) is also 
calculated for each crossplane data grid, p is defined as 
follows: 


\i = KEt/KE s , 

KE t = j-J J p{v? + v 2 9 )dA, (4) 

KE - = ^J J fv]dA ' 

where p is the fluid density, and A# is the area of 
a 30 degree pie-sector in the pipe. Table 1 lists the 
three descriptors, and kinetic energy ratio for the vortex 
captured in the 11 crossplane grids shown in Figure 5. 
The units of Table 1 are SI. The “in viscid airfoil theory’ 
estimate of vortex circulation is derived from Prandtl’s 8 
result for a wing of elliptical planform: 


_ ircv zc a 

~ 1 + 2/AfT 


( 5 ) 


where the aspect ratio of the vortex generator is AR = 
4 x span fire. Note that when performing this calculation, 
use span = 2h (refer to Figure 3), due to the wall effect 
or “image vortex generator”. Uncertainty estimates for all 
listed quantities are given in Table 1. These are derived 
by combining the uncertainties in measured velocities 
and probe placement in accordance with the procedure 
outlined by Moffat. 9 

The results listed in Table 1 are plotted in Figures 
6 a-c. 

Figure 6a plots the axial distribution of embedded 
vortex circulation. The shape of the curve demonstrates 
two mechanisms of circulation decay affecting the em- 
bedded vortex. This is similar to what is outlined in an 
earlier study on the decay behavior of embedded vortex 
arrays on a flat plate. 10 Just downstream of the vortex 


generator, the viscous vortex core is close to the wall and 
isolated (by surrounding regions of near-zero streamwise 
vorticity) from neighboring vorticies. Refer to Figures 
5a-d. The dominant mechanism of circulation decay is 
through the action of wall friction, which sets up a span- 
wise component of wall shear stress opposing the ro- 
tation of the core. As the neighbor vortex core draws 
near and lifts the vortex away from the wall, the rate of 
circulation decay due to wall friction effects drops (Fig- 
ures 5e-f). When the core vorticity profiles of vortex and 
neighbor begin to “touch” (recall that they are of opposite 
sign) another mechanism of circulation decay begins to 
dominate (Figures 5g-k). This is circulation loss through 
vorticity diffusion across core boundaries . Rapid losses 
in circulation, peak vorticity, and kinetic energy ratio oc- 
cur downstream of the location where this mechanism of 
circulation decay is prominent. 

Figures 6b-c plot the decay of peak vorticity and 
kinetic energy ratio as given in Table 1. 


Modelling Results 

The large number of parameters to consider when 
designing a vortex generator array for an aircraft com- 
ponent, such as a wing or inlet, has the implication that 
experimental work on optimum array geometries is of- 
ten slow and expensive. This fact has motivated a few 
workers in computational fluid mechanics to assist in the 
optimizing problem by including a means of representing 
vortex generators in their codes. A simple and effective 
means of doing this is to employ a model for the cross- 
plane velocity or vorticity field induced by the generators. 
This is the approach taken in recent work by Anderson 
et al x 2 who examined multiple vortex generator array 
geometries in a diffusing S-duct inlet using a parabolized 
Navier-Stokes (RNS) solver. A similar inclusion of em- 
bedded vortices in a full Navier-Stokes (FNS) code was 
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implemented by Cho and Greber 1 1 for a constant area cir- 
cular duct and a diffusing S-duct geometry. The advan- 
tage of this approach lies in the fact that a newly formed 
vortex may be accurately represented in this manner. 

Experimental workers concerned with embedded 
vortices have often noticed the close similarity of 
observed crossplane vortex structure to simple two- 
dimensional models of vortices. Inviscid or “potential” 
models were first applied to results obtained in subsonic 
diffusers by Grose and Taylor. 12 Later, Pearcy 13 would 
develop embedded vortex interaction models based on 
the inviscid representation of embedded vortex structure. 
Eibeck and Eaton 14 compared the structure of a single em- 
bedded vortex to that of the patchwork “Rankine” model 
vortex. Studies by Pauley and Eaton 15 and Wendt et 


a/. 10, 16 have made comparisons to the “ideal viscous” or 
“Oseen” model. 

Let us now examine the equations of the Oseen 
vortex and show how the array of embedded vortices 
examined in this study may be represented using a simply 
constructed model based on this vortex. 

The Oseen Model of the Embedded Vortex Array 

The two-dimensional Oseen model of a viscous vor- 
tex represents the time dependent decay of a potential 
vortex where the velocity at the origin (r = 0) is forced 
to zero at time t = 0. A single isolated vortex cen- 
tered on the crossplane origin has velocity components 
(in cylindrical coordinates): 



Axial Distance from VG Trailing Edge Tip, VG Chordlengths 


Figure 6 Decay Behavior of the Symmetric Array. 




V r = 0, 


2nr V 


)■ 


( 6 ) 


where T is the vortex circulation and v the laminar 
coefficient of kinematic viscosity. Following Squire 17 
the unsteady solution is transformed to a steady one by 
relating the decay time to the distance between the vortex 
generator tip and the crossplane of interest (z - zq): 


t « 



For an isolated turbulent vortex i located at: 


(7) 



(*< , Vi = n cos 9i , r, sin 0,) 

(8) 

the velocity components in the crossplane can be written 
in terms of the vortex descriptors. 18 In cartesian coot- 

dinates: 

_ r i{x - x.) 
v ‘ “ 2 xi?? **’ 

Uy-yi) 

1 " 2irRf " 

(9) 

where: 

Ri = (x - x.) 2 + (y - y,) 2 , 

(10) 

and: 

r t rwr* 0 * 

(11) 


F t = 1 - exp r R.} j. 

The vorticity field is given by: 



- Fi). 

(12) 


We can superimpose solutions for a representation of the 
pipe wall and other array vortices. Figure 7 illustrates 
this construction. Each of the 12 vortices in the array 
is located a distance from the pipe centerline. To 
represent the influence of the wall on each vortex in the 
array, an image vortex is superimposed a distance Rim = 
R 2 /R v in accordance with the procedure outlined by 
Milne-Thomson. 19 The angle e = 30° for all test cases in 
this study. In each test case, the descriptors of all vortices 
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and images are determined from symmetry following 
Table 1 and Figure 7. For example, the angle C between 
the center of the vortex and the line of flowfield symmetry 
between upflow vortices is repeated at regular intervals 
around the pipe. Also, the magnitude of circulation 
and peak vorticity is assumed to be the same for all 
vortices and images in each test case, differing only in 
sign, depending on the rotation of the vortex or image 
vortex. With these constraints on the array geometry the 
equations of the model are simply: 

12 

V = ^ ( Vi + 

i=1 (13) 

12 

W = ( Wi + w Hm), 

1=1 

where the i im subscript denotes the appropriate expres- 
sion from Equations 9-11 for the image vortex i. 

Data and Model Comparisons 

The data and model are compared at the 2 = 1.00 
chord survey position. The vortex descriptors are taken 
directly from Table 1 and used in Equation 13. Fig- 
ures 8a-b illustrate the resulting comparison. Figure 8a 
compares the transverse velocity and streamwise vorticity 
fields of the data (top) and model (bottom) vortex arrays. 
Note the close similarity of the transverse velocity fields. 
Since the model is two-dimensional, representation of the 
secondary (or “wall”) generation of opposite-sign vortic- 
ity, found in the data, is not possible. This is evident in 
the comparisons of the streamwise vorticity fields. Define 



R j m — R /R v 


Figure 7 The construction of an Oseen model of an 
array of 12 symmetrically placed vortices in a pipe. 

a fit parameter based on the transverse velocity: 

Vrfata Vmodei 

fit = pr — h ( 14 > 

|v^ ta || 

Figure 8b is a contour plot of this parameter over the 
survey grid. The shaded areas represent regions where 
the fit parameter exceeds 1.00 (or “100 percent”). Lim- 
ited probe resolution of the weak velocities in these areas 


a) Transverse Velocity and Streamwise Vorticity Comparisons 



Figure 8 A comparison of the data and model a) data and model transverse velocity 
and streamwise vorticity fields, b) contours of the fit parameter (Equation 14). 
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is the most probable cause of the large discrepancies. It 
is encouraging to note that where the convective effects 
of the vortex are strongest the model best represents the 
data. The viscous core, the region of strong crossflow 
underneath the core, and the upwash and downwash re- 
gions to either side, are all within the 40 percent contour 
of the fit parameter. 

Summary 

An experimental study is conducted to examine the 
crossplane flow structure, interaction, and streamwise de- 
cay of an array of counter-rotating longitudinal vortices 
embedded in a turbulent boundary layer on the wall of 
a straight pipe. The vortices are shed from a symmet- 
ric array of NACA 0012 airfoil vortex generators. The 
span of the vortex generators above the flow surface, h y 
is approximately equal to the local boundary layer thick- 
ness, The ratio of boundary layer thickness to pipe 
diameter is 6/d = 0.04, and the core Mach number = 
0.25. Measurements of mean three-component velocities 
in downstream crossplanes are used to characterize the 
structure of the shed vortices. Measurements in adjacent 
crossplanes, closely spaced along the axial coordinate, 
characterize the vortex-to-vortex and vortex-to-wall in- 
teraction and streamwise decay of vortex structure. 

Downstream of the vortex generators, the shed vor- 
tices are observed forming upflow pairs. The convec- 
tive effects of each vortex on its neighbor drive the pair 
away from the wall, initially mitigating the wall-friction 
driven decay of circulation and peak vorticity. Further 
downstream, the rate of decay is enhanced when vortic- 
ity diffusion occurs across core boundaries in the closely 
spaced vortex pairs. 

The velocity field of the embedded vortex is well 
represented with a model constructed by the superposition 
of Oseen vortices. Variation in the transverse vector 
field between the data and model is less than 40 percent 
in crossplane regions containing the vortex core, vortex 
downwash, upwash, and near-wall crossflows. 

Future Work 

This study will be extended to examine the depen- 
dence of vortex generator geometry (/i, c, a) and inping- 
ing flow conditions (Mach, 6) on the shed vortex de- 
scriptors. A paper on this topic should be ready early 
in 1996. 
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